Abstract: An artificial torso is a fundamental part of a humanoid robot for imitating human actions. In this paper, a prototype of CAUTO (CAssino hUmanoid TOrso) is presented. Its design is characterized by artificial vertebras actuated by cable-driven parallel manipulators. The design was conceived by looking at the complex system and functioning of the human torso, in order to develop a solution for basic human-like behavior. The requirements and kinematic structure are introduced to explain the peculiarities of the proposed mechanical design. A prototype is presented, and built with low-cost and high-performance features. Tests results are reported to show the feasibility and the characteristics in replicating human torso motions. In addition, the power consumption has been measured during the tests to prove the efficiency of the Li-Po battery supply, employed for a fully portable solution of the designed torso.
Introduction
Humanoid robots are designed to replicate human structure and human behavior for several applications or even for humans assistance [1] . In the last few decades, technological developments have permitted the investigation and construction of humanoid robots with advanced capabilities in mobility and actions that can be used in typical human operations in daily life and human environments. Significant examples of such inventions include ASIMO by Honda [2] , Wabian by Waseda University [3] , HRP by AIST-KAWADA [4] , LOLA by Technical University of Munich, and HUBO by KAIS [5] .
Drawing inspiration from the human body is necessary to consider the mechanisms of structures that can be identified in the muscular-exoskeleton system as combination of serial and parallel chains. In general, the bone structure can be considered as a serial kinematic chain that is actuated by the parallel architectures of the muscles [6] . In particular, the torso is the central structure in the human body that is well characterized by such an integrated design of a serial-chain bone structure (the spine) with a parallel-chain muscular system. The CAssino hUmanoid TOrso (CAUTO) design was conceived as a conceptual replica of a serial-chain spine cooperating with a cable-driven parallel-chain actuating system with the aim to integrate the advantages of both mechanism topologies but to limit their disadvantages by reciprocal compensation. Tendon-driven humanoid structures have also been proposed, such as the Kenta humanoid [7] and neck design [8] , which draw inspiration from the muscular skeleton of human anatomy.
It is well known that serial chains show large workspace mobility but suffer from low load capability, limited motion precision, and vibration disturbances [9] . On the other hand, parallel chains demonstrate better performance in payload, stiffness, and dynamic motion, although they exhibit a small workspace and have a complex direct kinematics formulation. This is why, in existing humanoid robots, the torso is usually designed using one of the two aforementioned structures, limiting the mobility to few DOFs (Degrees Of Freedom) for basic movements.
In this paper, a successful design combining serial-and parallel-chain mechanisms is presented for a new humanoid torso. The proposed design is explained also in terms of performance evaluation through experimental results for a characterization of the built prototype.
The CAssino hUmanoid TOrso (CAUTO) Design
The design of a humanoid torso refers to the anatomy and capability of a human torso that is composed of a complex muscular-skeleton structure [10, 11] . The important role of a torso can be summarized as central platform of a body both for organ storage and motion/payload capability. Such a role is also fundamental in humanoid robots, where the structure and operation of a humanoid torso is conceived with human-like features, but with reduced complexity and capability. The design of the CAssino hUmanoid TOrso called CAUTO was conceived with the peculiarity of having a central spine-like structure that is actuated by a suitable cable-driven parallel architecture, aiming to mimic human anatomy and its high performance.
Kinematic Design and Requirements
The main requirements for a humanoid torso can be identified in motion suitable ranges and payload capability. The motion requirements refer to bending and torsion movements that are necessary both for the stability of the whole humanoid body and the performance of the manipulation and locomotion tasks. Those requirements can be fulfilled with a specific structure system of the torso, such as a combination of a shoulder body with a waist platform that are connected by an artificial spine, similar to human anatomy. This is the conceptual design for the development of CAUTO, as reported in References [12] [13] [14] [15] . The kinematic design is sketched in Figure 1 , in which the artificial spine is composed of four vertebral discs that are connected to each other by a spherical articulation with flexible motion for the three rotations in θ, Φ, and ψ around the XYZ frame axes. The shoulder body is connected to the artificial spine through vertebra disc 4, and the waist body includes vertebral disc 1. Within the waist body, five actuators are installed to provide the actuation of the three actuated DOFs of the artificial spine. The two actuated DOFs for bending are obtained by the actuation of four cables working two-by-two in an antagonist way when actuated by one motor each. The two bending motions in sagittal and lateral planes can be performed separately or in a combined motion. The kinematics of those motions were solved by looking at each planar motion as reported in Reference [16] , with a fairly simple formulation for practical and efficient operation. This is why, in existing humanoid robots, the torso is usually designed using one of the two aforementioned structures, limiting the mobility to few DOFs (Degrees Of Freedom) for basic movements.
The CAssino hUmanoid TOrso (CAUTO) Design
Kinematic Design and Requirements
The main requirements for a humanoid torso can be identified in motion suitable ranges and payload capability. The motion requirements refer to bending and torsion movements that are necessary both for the stability of the whole humanoid body and the performance of the manipulation and locomotion tasks. Those requirements can be fulfilled with a specific structure system of the torso, such as a combination of a shoulder body with a waist platform that are connected by an artificial spine, similar to human anatomy. This is the conceptual design for the development of CAUTO, as reported in References [12] [13] [14] [15] . The kinematic design is sketched in Figure 1 , in which the artificial spine is composed of four vertebral discs that are connected to each other by a spherical articulation with flexible motion for the three rotations in θ, Φ, and ψ around the XYZ frame axes. The shoulder body is connected to the artificial spine through vertebra disc 4, and the waist body includes vertebral disc 1. Within the waist body, five actuators are installed to provide the actuation of the three actuated DOFs of the artificial spine. The two actuated DOFs for bending are obtained by the actuation of four cables working two-by-two in an antagonist way when actuated by one motor each. The two bending motions in sagittal and lateral planes can be performed separately or in a combined motion. The kinematics of those motions were solved by looking at each planar motion as reported in Reference [16] , with a fairly simple formulation for practical and efficient operation. The torsion motion is obtained by the fifth actuator that generates the torsion rotation of the upper part of the torso with respect to the waist.
Mechanical Design
The mechanical design of CAUTO was based on the concept of the FSU (Functional Spine Unit), which models the functionality and structure of the spine through the basic components for mobility and payload capability as two vertebrae connected by an articulation. An representative FSU of the CAssino hUmanoid TOrso design is shown in Figure 2a . The mechanical conceptual design of CAUTO is represented in Figure 2b as obtained by the combination of two FSUs only. The mechanical design was developed in the CAD solution, shown in Figure 3a , that was subsequently used in further design simulations [16, 17] . As seen in Figure 3a , the shoulder body was designed, including vertebral disc 4 within it, and the overall shape was conceived to provide room for sensor storage and for the connection of an artificial arm to the shoulder plate. Similarly, the waist body was shaped to host the actuators and to permit the connection of artificial legs. Simulations were worked out for the dynamic operation, as reported in Reference [16] . FEM simulations were used to properly size the parts and to check the feasibility of the chosen material [17] . The results shown in Figure 3b show the stress computations with feasible values that confirm the mechanical stifness of the design with 3D-printed parts together with commercial components. In particular, for the FEM computations as well as for the dynamic simulations, the following data were assumed: actuator torque of 1.27 Nm; cables were made of steel, vertebral articulations were made of aluminum alloy, and body parts were made of ABS plastic. The torsion motion is obtained by the fifth actuator that generates the torsion rotation of the upper part of the torso with respect to the waist.
The mechanical design of CAUTO was based on the concept of the FSU (Functional Spine Unit), which models the functionality and structure of the spine through the basic components for mobility and payload capability as two vertebrae connected by an articulation. An representative FSU of the CAssino hUmanoid TOrso design is shown in Figure 2a . The mechanical conceptual design of CAUTO is represented in Figure 2b as obtained by the combination of two FSUs only. The mechanical design was developed in the CAD solution, shown in Figure 3a , that was subsequently used in further design simulations [16, 17] . As seen in Figure 3a , the shoulder body was designed, including vertebral disc 4 within it, and the overall shape was conceived to provide room for sensor storage and for the connection of an artificial arm to the shoulder plate. Similarly, the waist body was shaped to host the actuators and to permit the connection of artificial legs. Simulations were worked out for the dynamic operation, as reported in Reference [16] . FEM simulations were used to properly size the parts and to check the feasibility of the chosen material [17] . The results shown in Figure 3b show the stress computations with feasible values that confirm the mechanical stifness of the design with 3D-printed parts together with commercial components. In particular, for the FEM computations as well as for the dynamic simulations, the following data were assumed: actuator torque of 1.27 Nm; cables were made of steel, vertebral articulations were made of aluminum alloy, and body parts were made of ABS plastic. The FEM computations gave stress values, as indicated in significant points in Figure 3b , that verify the feasibility as well as the stiffness of the designed structure in all its components.
The Low-Cost Prototype
A prototype was built at LARM in Cassino by looking for a low-cost solution using 3D-printing manufacturing for structural parts and commercial components for actuators, sensors, and connections. The prototype is shown in Figure 4 . The prototype of the torso alone in Figure 4a can fit into a box with dimensions of 154.00 mm × 113.80 mm × 261.34 mm. The waist is thicker than the shoulder body; it is sized within the dimensions of 116.00 mm × 113.80 mm × 105.19 mm. The trunk, consisting of the torso part between the thoracic and waits parts, is sized within the dimensions of 154.00 mm × 94.50 mm × 81.90 mm. The weight of only the torso structure is 1.2 kg, including all its components and systems. It has also been assembled in a humanoid version, with arms and head, as shown in Figure 4b . With the fully extended arms, it can fit in a box with dimensions of 307.00 mm × 113.80 mm × 538.60 mm, with a weight of 1.6 kg. The humanoid assembly is characterized by anthropomorphic arms and a head that is equipped with sensors for vision, the purpose of which is to verify its practical feasibility in humanoid tasks. The FEM computations gave stress values, as indicated in significant points in Figure 3b , that verify the feasibility as well as the stiffness of the designed structure in all its components.
A prototype was built at LARM in Cassino by looking for a low-cost solution using 3D-printing manufacturing for structural parts and commercial components for actuators, sensors, and connections. The prototype is shown in Figure 4 . The prototype of the torso alone in Figure 4a can fit into a box with dimensions of 154.00 mm × 113.80 mm × 261.34 mm. The waist is thicker than the shoulder body; it is sized within the dimensions of 116.00 mm × 113.80 mm × 105.19 mm. The trunk, consisting of the torso part between the thoracic and waits parts, is sized within the dimensions of 154.00 mm × 94.50 mm × 81.90 mm. The weight of only the torso structure is 1.2 kg, including all its components and systems. It has also been assembled in a humanoid version, with arms and head, as shown in Figure 4b . With the fully extended arms, it can fit in a box with dimensions of 307.00 mm × 113.80 mm × 538.60 mm, with a weight of 1.6 kg. The humanoid assembly is characterized by anthropomorphic arms and a head that is equipped with sensors for vision, the purpose of which is to verify its practical feasibility in humanoid tasks. The CAD design in Figure 3a was used to define the structural parts that were manufactured by 3D-printing at LARM, namely the shoulder platform, the waist body, the head, and the anthropomorphic arms. The procedure in Reference [18] was used for this construction, with the aim of achieving a fairly simple design and low-cost products. During the manufacturing, a further optimization was worked out by properly choosing two different kinds of plastic. PLA was chosen as the printing material for the waist and the trunk parts since it has a better stiffness between each layer, so that the trunk will successfully transmit the motion and the waist will afford the payload. On the other hand, ABS was chosen for the discs, since it shows better mechanical properties than PLA as per impact resistance.
Commercial components were selected as solutions for all the other components, namely the actuators, the sensors, the cables, the battery, and the flexible vertebra articulations, in order to The CAD design in Figure 3a was used to define the structural parts that were manufactured by 3D-printing at LARM, namely the shoulder platform, the waist body, the head, and the anthropomorphic arms. The procedure in Reference [18] was used for this construction, with the aim of achieving a fairly simple design and low-cost products. During the manufacturing, a further optimization was worked out by properly choosing two different kinds of plastic. PLA was chosen as the printing material for the waist and the trunk parts since it has a better stiffness between each layer, so that the trunk will successfully transmit the motion and the waist will afford the payload. On the other hand, ABS was chosen for the discs, since it shows better mechanical properties than PLA as per impact resistance.
Commercial components were selected as solutions for all the other components, namely the actuators, the sensors, the cables, the battery, and the flexible vertebra articulations, in order to achieve a low-cost prototype with fairly easy component replacement. In particular, the spherical vertebra articulations were obtained by using Huco Single Helix Beam Couplings [19] , which are made of light aluminum alloy. TowerPro MG995 servomotors [20] were used to actuate the steel cables to move the spine. An Inertial Measurement Unit (IMU) sensor made by a triple-axes accelerometer, gyroscope, and magnetometer [21] [22] [23] was installed on the top of the spine to monitor the motion in terms of angular displacement and acceleration, as well as for control purposes. An ACS712 Hall sensor module [24] was used to acquire the current to measure the power consumption during the validation tests. Within the head frame, vision sensors such as an ultrasonic sensor [25] and WiFi Camera [26] were installed to give vision capability both to know the surrounding environment and to control the overall motion. The full prototype of Figure 4b was used to check the feasibility of the torso in Figure 4a for implementation in humanoid designs.
Experimental Tests for Performance Evaluation
The built prototype in Figure 4 was used for testing the performance characteristics and to check the feasibility of the design and its operation in humanoid tasks [27] . Several tests were carried out at LARM to characterize the performance operation in motion, payload carrying, and lifting capability. In this paper, tests results are reported for two different configurations, namely the torso only and the humanoid assembly with arms and a head, in order to show an experimental characterization.
Torso Behaviour in Bending
The torso behavior was tested in terms of motion ranges and payload capability. Tests were run with and without the arms and head, by moving only the torso. In Figure 5 , a sequence of test configurations is shown for the case of successful torso bending with a payload on the back of 1.150 kg. Results of the test are shown in Figures 6 and 7 .
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Experimental Tests for Performance Evaluation
Torso Behaviour in Bending
The torso behavior was tested in terms of motion ranges and payload capability. Tests were run with and without the arms and head, by moving only the torso. In Figure 5 The main bending rotation is performed around the X-axis and it is 36.76 • , and replicates human motion quite satisfactorily, even in terms of velocity and acceleration. In the plot, the forward and backward movements can be identified clearly by the phases with positive and negative values with major bending in forward configurations.
In addition, the angular displacement exhibits a relationship with the linear acceleration, as shown in in Figure 6b , both of which are measured for the point at the top of the spine. When the torso bends forward from 14.58 s up to 16.70 s, the IMU senses the two components of the acceleration along the Y-axis and Z-axis. The measured acceleration along the Y-axis has a range between −4.00 and 6.39 m/s 2 . The acceleration component along the Z-axis with a range between −2.55 and 9.81 m/s 2 . The Z-axis has a zero offset of 9.81 that is due to the acceleration of gravity. The acceleration along the X-axis is negligible. Vibration noise is detected as coming both from the motor motion and the prototype mechanical design. Figure 7 shows the power consumption during the experiment in Figure 5 . Each bending movement can be easily recognized in the time evolution in the plot with the power peaks characterizing the start and end of a bending movement. Two phases can be seen in the plot for each bending movement of the three repeated forward-backward motions. For each motion, the actions are identified by two peak couples that represent the power needed to go forward, go back to the starting point, and then go backward. The power consumption during the experiment, without taking into consideration the powering on phase, has a range between 0.17 and 21.42 W with a mean value of 16.95 W.
The above results of the experiment show that the proposed torso can lift a bag containing its own weight with no problems, achieving a satisfactory humanoid behavior with acceptable movement range and acceleration, thanks to the contribution of the commercial servomotors. Furthermore, the limited power consumption of the system allows the usage of a battery as a power supply with good durability.
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The above results of the experiment show that the proposed torso can lift a bag containing its own weight with no problems, achieving a satisfactory humanoid behavior with acceptable movement range and acceleration, thanks to the contribution of the commercial servomotors. Furthermore, the limited power consumption of the system allows the usage of a battery as a power supply with good durability. 
Torso Behaviour in Lifting Loads
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The humanoid assembly with the arms was tested in terms of motion ranges and payload capability. Tests were run by in lifting a payload using the arms with a compensation motion performed by the torso. Tests were carried out with the humanoid assembly of Figure 8 both to check the feasibility of the torso for a humanoid implementation and to investigate the effects of the arms and head structure on the torso performance. In Figure 8 , a sequence of test configurations is shown for the case of successful payload lifting by the arms with a small torso bending for a payload of 0.560 kg. The payload was reduced with respect to the previous case for torso capability, since the arms imposed a reduction of payload capability due to their mechanical design. Results of the test are shown in Figures 9 and 10. Inventions 2017, 2, 17 7 of 10 the feasibility of the torso for a humanoid implementation and to investigate the effects of the arms and head structure on the torso performance. In Figure 8 , a sequence of test configurations is shown for the case of successful payload lifting by the arms with a small torso bending for a payload of 0.560 kg. The payload was reduced with respect to the previous case for torso capability, since the arms imposed a reduction of payload capability due to their mechanical design. Results of the test are shown in Figures 9 and 10 . Figure 9a shows the angles that were acquired by the IMU during the arm payload lifting experiment lasting 40.20 s. The test was executed in three movements, namely load lifting in 7.60 s, stationary configuration for 8.44 s, and going back to home position. When the arms are lifting the load, the torso needs to bend to compensate the change of the position of the center of gravity of the humanoid assembly. The main motion of the torso is along the X-axis, and the acquired angles θ range between −3.76° and 0.23°; the angle Φ is within the range between −2.44° and 2.37°, and the angle ψ is within the range between −32.07° and 3.68°. The arms are actuated by moving the elbow joints to lift the load. In addition, the angular displacement exhibits a relationship with the linear acceleration shown in Figure 9b , both of which are measured for the point at the top of the spine. The torso acceleration is small so as to ensure a smooth motion, and it is measured along the X-axis with a range between −2.24 and 2.20 m/s 2 , along the Y-axis with a range between −0.24 and 2.55 m/s 2 , and along the Z-axis with a range between 8.16 and 9.81 m/s 2 . Small vibration noise is detected again at the moment of the changes of the motions. the feasibility of the torso for a humanoid implementation and to investigate the effects of the arms and head structure on the torso performance. In Figure 8 , a sequence of test configurations is shown for the case of successful payload lifting by the arms with a small torso bending for a payload of 0.560 kg. The payload was reduced with respect to the previous case for torso capability, since the arms imposed a reduction of payload capability due to their mechanical design. Results of the test are shown in Figures 9 and 10 . Figure 9a shows the angles that were acquired by the IMU during the arm payload lifting experiment lasting 40.20 s. The test was executed in three movements, namely load lifting in 7.60 s, stationary configuration for 8.44 s, and going back to home position. When the arms are lifting the load, the torso needs to bend to compensate the change of the position of the center of gravity of the humanoid assembly. The main motion of the torso is along the X-axis, and the acquired angles θ range between −3.76° and 0.23°; the angle Φ is within the range between −2.44° and 2.37°, and the angle ψ is within the range between −32.07° and 3.68°. The arms are actuated by moving the elbow joints to lift the load. In addition, the angular displacement exhibits a relationship with the linear acceleration shown in Figure 9b , both of which are measured for the point at the top of the spine. The torso acceleration is small so as to ensure a smooth motion, and it is measured along the X-axis with a range between −2.24 and 2.20 m/s 2 , along the Y-axis with a range between −0.24 and 2.55 m/s 2 , and along the Z-axis with a range between 8.16 and 9.81 m/s 2 . Small vibration noise is detected again at the moment of the changes of the motions. Figure 8 . The measured power consumption is quite constant at the maximum value during the time of the stationary configuration with the lifted payload. Changes of the power consumption are detected at the beginning of the lifting and at the return to the home configuration. However, power is needed to maintain the humanoid assembly in operation, even when it is not moving. The power consumption during the experiment, without taking into consideration the powering on phase, has a range between 13.32 and 24.09 W with a mean value of 18.07 W. Figure 10 shows the power consumption during the experiment in Figure 8 . The measured power consumption is quite constant at the maximum value during the time of the stationary configuration with the lifted payload. Changes of the power consumption are detected at the beginning of the lifting and at the return to the home configuration. However, power is needed to maintain the humanoid assembly in operation, even when it is not moving. The power consumption during the experiment, without taking into consideration the powering on phase, has a range between 13.32 and 24.09 W with a mean value of 18.07 W. The above results of the experiments show that the proposed torso with a humanoid assembly can lift a payload by supporting the actions of arms with a satisfactory humanoid behavior and acceptable movement range and accelerations, with some limitation of the action due to the arm structure. However, the limited power consumption of the humanoid assembly confirms the efficiency of the torso design for the usage of a battery as a power supply in a humanoid design.
Conclusions
This paper presents a prototype of CAUTO (CAssino hUmanoid Torso) with its peculiar biomimetic design and high-performance characteristics. The kinematic design is characterized by a spine-like structure that is actuated by cable-driven parallel manipulators, so that the torso can perform human-like motions with high payload capability. Results of experimental validation show that the torso is capable of carrying a load larger than its own weight, but that the weight capability is reduced when the torso is equipped with arms. The compact design has been transferred to a prototype that has been built using 3D-printing manufactured parts, assembled together with properly selected commercial components. The presented prototype has low energy consumption and can store batteries for an autonomous portable solution in humanoid structures. Thus, this paper provides evidence of the good performance of the prototype in experimental tests, indicating both a validation of the CAUTO design with low-cost features and its characterization with high payload capability.
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